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Abstract: Agriculture in subarctic regions is limited by a short and cold growing season. With warming
in the region, the number of growing days and, consequently, the potential for agricultural
intensification and expansion may increase. However, subarctic soils are typically acidic, low in
plant-available nutrients, and coarsely textured, so they require soil amendment prior to intensification.
This is the case in South Greenland, where we tested the use of glacial rock flour (GRF) produced by
glaciers as a soil amendment. An experiment was made on a farm in South Greenland during the 2019
summer to quantify the short-term effect of applying GRF to a field dominated by perennial timothy
grass. Three treatments were compared to control sites (n = 5): 20 t GRF ha−1 without conventional
NPK-fertilizer, as well as 20 and 40 t GRF ha−1 in combination with 25% NPK-fertilizer. The experiment
showed no significant response in biomass production (aboveground and belowground) for the
plots treated with GRF only. The low rate of GRF combined with 25% NKP showed a marked and
significant increase in yield in contrast to a high GRF rate with NPK, which resulted in a significant
reduction in yields. The chemical composition of the plants versus soil and GRF showed that the plant
uptake of nutrients was significantly higher for NPK-fertilized plots, as expected, but no differences
were found between GRF-treated plots and the control plots with respect to nutrient availability or
pH in the soil. We conclude that adding water and fertilizer has the potential to increase yields in
South Greenland, but applying glacial rock flour as a short-term agricultural supplement needs to be
further investigated before it can be recommended.
Keywords: glacial rock flour; agriculture; intensification; South Greenland; yields; NPK fertilizer
1. Introduction
The intensification of agricultural soils requires a continuous replenishment of supplements that can
be conventional nitrogen, phosphorus and potassium (NPK)-fertilizers, organic (manure, compost, etc.)
and inorganic (limestone, ground silicate rocks, etc.). Hamaker & Weaver [1] were among the first
to propose to apply crushed rocks to agricultural soils to avoid malnutrition due to the degrading
soils and diminishing nutrient contents of crops. Several studies have since quantified the effects of
using rock powder, especially in the highly weathered soils of the tropics, by using by-products of
mining and quarry work [2–6] to sustain agricultural development. In theory, rock powder has several
advantages over conventional agricultural supplements, e.g., the capacity to neutralize soil acidity
and a continuous supply of both macro- and micronutrients such as K, Ca, Mg, Mn, and Fe, as well
as an assortment of trace minerals and increase soil water retention in coarsely textured soils [7–9].
However, the positive effects of rock powder are highly dependent on the soil to which they are applied,
the climate (influencing weathering and thus nutrient release), and the mineralogical composition
of the rock powder [10,11]. Consequently, contrasting findings have been reported. Several studies
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have observed a substantial supply of K, Ca, and Mg to plants from rock powder, while some have
also exhibited a liming effect [12–16]. Most studies, however, have only shown negligible effects from
experiments with rock powder or even negative effects on yields [17–19]. Not surprisingly, glacial rock
flour (GRF) cannot replace the need for applying regular NPK fertilizers and lime to keep agricultural
yields high [15,20–22]. One form of rock powder that has not received much attention is so-called glacial
rock flour produced by glaciers eroding the underlying bedrock as they move over terrain. The rock
flour is transported by subglacial and proglacial meltwater underneath the glaciers and deposited in
thick successions in lakes and fjords [23]. This study aimed to quantify the use of GRF as a way of
sustainably amending the agricultural soils in South Greenland since it can be locally sourced and is
found in abundance in many parts of Greenland. South Greenland is known to be an important area
for sheep grazing with potential for both intensification and expansion [24] controlled by vegetation
response to recent warming today [25] and towards the end of the 21st century. However, it has also
recently been shown that such improvements for agriculture rely on both water and plant-available
nutrients, which appear to be limited in many cases in South Greenland [26]. The underlying
hypothesis of this work is that the addition of GRF may improve soil texture, neutralize soil acidity,
and release a range of macro- and micronutrients, thereby raising yields from fields receiving GRF.
However, careful soil type-specific investigations are needed to verify the short-term measures of
biomass and yields following GRF test plots before GRF can be recommended as a soil amendment in
South Greenland.
2. Materials and Methods
2.1. Study Site
Two field campaigns were carried out in June and August 2019 with the objective to test the effect
of applying GRF to an agricultural field in southern Greenland. The field work took place on a sheep
farm in Ipiutaq (60.9◦ N, 45.7◦ W) halfway between Qaqortoq and Narsarsuaq (Figure 1). This farm
was chosen as a representative farm in terms of farming intensity, the use of fertilizer, and accessibility
to nearby towns.
The climatic regime of the study area is subarctic. Climate records from Narsarsuaq 25 km to the
northeast of Ipiutaq show an average annual air temperature of 1.1 ◦C, an average air temperature of
the warmest month of 10.8 ◦C (July), and an annual accumulated precipitation of 651 mm during the
climatologically normal 1981–2010 [27]. Qaqortoq, lying approximately 60 km southwest of Narsarsuaq,
close to the open ocean, has an average air temperature in July of 7.6 ◦C and a total annual precipitation
of 985 mm [27]. The Greenland Ice Sheet occasionally gives rise to katabatic flows of air from the ice
sheet towards the coast. This may lead to prolonged dry spells during the growing season [28] and a
lowered primary production.
Soil classification maps suggest that soils in the study area are umbrisols and, in some places,
podzols [29]. The actual farmland soil is considered an umbrisol.
The farm livestock comprises approximately 250 ewes and lambs foraging on natural vegetation
in the surrounding area during the summer season. The sheep are gathered during September, and the
majority of the lambs are sent to the slaughterhouse, while the ewes are kept in stables during winter
and feed on locally produced hay supplemented by some imported coarse fodder. The hay for feeding
is produced on the farm’s approximately 11 ha of land, with the crops being a combination of cereals
(mainly oat) and a mixture of grasses (both perennial and annual). The farmland has a gently southward
slope with fields from 0.02 to 1 ha. A common characteristic of the farmland is a large amount of rocks,
from pebbles to boulders. Thus, ploughing is not possible everywhere, and tillage may be limited
to harrowing.
The typical fertilizing scheme for perennial grass on the farm consists of applying regularly
granulated NPK fertilizer in the early summer, aiming for 110 kg N ha−1, corresponding to approximately
650 kg NPK ha−1. Fertilizers of varying compositions are applied, the most common being 17:7:14,
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which was also the fertilizer used in the field experiment. The field used in the experiment has received
typical treatments in the years prior to the start of the experiment. Liming has been applied every
second year, with the last time being in 2018.
Figure 1. Overview of the two study areas. Tasersuaq is the lake in which the glacial rock flour was
sampled. Ipiutaq is the experimental site, where the glacial rock flour was used as a soil amendment.
The map of Greenland is constructed in ArcMap, while the two insets are from Google Earth.
2.2. Experimental Design
The field experiment was established on the northernmost field of the farm—a gently south
sloping field sowed with a mixture of perennial grasses, mainly timothy grass (Phleum pratense) and red
fescue (Festuca rubra) in the spring of 2018. Additional details are provided in Supporting Information.
A rectangular area of 8 × 5 meters was divided into 40 one m2 plots. To minimize the rim effects
between plots, the treated plots were arranged with only corners touching, and five replicates of four
treatments were randomly distributed across twenty plots. The experiment consisted of a control (T1)
and three treatments (T2–4) of different combinations of glacial rock flour and fertilizer additions in
five replicates. Treatment 1 (T1) was a control treatment, without added supplements; in treatment
2 (T2), a high amount of GRF (40 t ha−1) was added. In treatment 3 (T3), 25% NPK fertilizer plus 20 t
GRF per hectare were added. In treatment 4 (T4), 40 t GRF were added per hectare, plus an addition of
25% NPK fertilizer. The 25% NPK application was calculated based on the standard application rate of
650 kg NKP ha−1, thus amounting to 162.5 kg ha−1. A reduced amount of fertilizer was applied to test
the effect of rock flour application as an abundant fertilization expected to overrule any effect of glacial
rock flour addition.
The plots were treated on 4 June, a day with weak wind (in average 2.2 m s−1 from SW), minimizing
the loss of fine-grained particles. The glacial rock flour and fertilizer were spread by hand a few cm
above the surface to ensure an even distribution. To promote the dissipation and percolation of the
applied GRF particles and fertilizer, a sprinkler irrigation system and a rain gauge were established
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on the field after the GRF and fertilizers were distributed evenly in the plots. After three hours of
irrigation, the plots had received roughly 10 mm of irrigation.
2.3. Rock Flour Sampling and Treatment
The GRF applied in the experiment came from a glaciolacustrine deposit in Lake Tasersuaq
(65.1◦ N, 50.8◦ W) located approximately 100 km northeast of Nuuk (Figure 1). Because the sediment
was deposited in freshwater, it was assumed to be free of any marine input. The sediment source
was a 25 km long outlet glacier (Saqqap Sermersua) that terminates near the NE corner of the lake.
The melting of the glacier supplies both meltwater and sediments, resulting in the lake water being
highly turbid. The bedrock in the area consists mainly of Archaean granite and gneiss that is primarily
composed of quartz, plagioclase, and hornblende, with varying contents of accessory minerals such as
biotite and K-feldspars [30] The sediment was sampled during field work in August 2018. We used a
vibrocorer (VibeCore-D, developed by SDI Specialty Devices) to retrieve seven sediment cores ranging
in length from 0.5 to 2 m with a diameter of 7.6 cm. All sediment sampling was conducted from a
coring platform equipped with a 4 m-high tripod with a winch.
The cores were shipped to Copenhagen, where they were split, and the material was oven-dried at
105 ◦C for 24 h, yielding a total dry weight of 61 kg. The material was coarsely broken down, after which
small portions were crushed using a mortar and sieved through a 2 mm sieve. Five subsamples were
analyzed for particle size, exchangeable nutrients, and soil pH. Homogenizing was done by mixing the
GRF on a large plastic tarp and continuously halving the pile until 30 stacks of 2 kg each was attained.
2.4. Biomass Sampling
Aboveground biomass (AGB) was determined by cutting all biomass in each plot within 70 × 70 cm,
as previously described [31,32], and placed in open paper bags to dry for a week. In the laboratory,
biomass samples were clipped, weighed, and oven-dried for 24 h at 60 ◦C. Approximately 10 g
from each sample comprising all plant parts, i.e., stems, leaves, and flowers, were milled for 45 min
using zirconium oxide grinding balls. Plant samples were not washed prior to being analyzed for
elemental composition.
Belowground biomass (BGB) samples were collected in each plot after the plot was harvested.
Sampling was done by vertically inserting a cylindrical sample ring (v = 86 cm3) into the soil,
retrieving samples of 0–4 and 4–8 cm intervals. Root matter was separated from the soil by wet sieving
under running tap water on a 1 mm sieve, as previously described [33,34]. The separated root matter
was then dried at 60 ◦C for 24 h, and the dry weight biomass was recorded. The dried roots were
pulverized in an agate ball mill to enable the analysis of total C and N contents in the sample.
2.5. Soil Sampling
Soil sampling was performed similarly to the BGB sampling. Samples were kept cool and stored in
closed plastic bags until they were dried at 60 ◦C for 24 h. A small subsample of approximately 2 g from
all the soil samples was milled using an agate ball before analyzed for total C and N contents, and the
remainder of each sample was then dry-sieved on a 2 mm sieve to obtain material for chemical analysis.
A soil pit was dug in the experimental field, and soil samples were retrieved in order to evaluate
the soil characteristics of the entire soil profile down to 40 cm. Samples were taken by horizontally
inserting a cylindrical sample ring into the soil profile at four depths: 3, 11, 19, and 32 cm below the
surface. See the supplementary file (Figures S1–S8, and Tables S1–S4) for additional information.
2.6. Laboratory Procedure
The analysis of particle size and specific surface area (SSA) was done by laser diffraction using
a Malvern Mastersizer™ 2000. Approximately 0.5 g of rock flour or soil was suspended in two
parts of distilled water to one part sodium pyrophosphate (Na4P2O7), followed by two minutes of
ultrasounding. Each measurement was repeated five times for each sample, so the resulting particle
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size distribution was an average of five measurements. The estimate of particle surface area by laser
diffraction was underestimated as compared to BET (Brunauer, Emmett and Teller) gas adsorption
surface area. Hence, the measured values were converted using a linear relationship (R2 = 0.99)
between laser diffraction SSA and BET-SSA [35].
Soil and GRF pH were determined by mixing ten grams of sediment or soil with 25 mL 0.01 M
CaCl2 and shaking the extraction for 1 h. After waiting for 15 min (allowing sediment to settle), pH was
directly measured in the vial using a glass electrode, which had been calibrated beforehand.
The total contents of C and N in the samples were analyzed by the method of Dumas combustion,
as described in [36]. For the analysis, 2–3 mg of highly homogenized plant material and approximately
20 mg of milled soil and GRF were weighed into tin cups and combusted at 1700 ◦C. The produced gasses
were then measured in an elemental analyzer (Flash 2000, Thermo Scientific, Waltham, MA, USA).
An isotope mass spectrometer (Thermo Delta V, Thermo Scientific) simultaneously measured the ratio
of 15N/14N and 13C/12C, respectively. Prior to sample analysis, the elemental analyzer was calibrated
with standards of known C and N composition (peach leaves for plant material and soil standards
from Elemental Microanalysis, Okehampton, UK, for soil samples).
The estimation of the plant-available fraction of P (Pavail) in the soil and GRF was done by the
Olsen-P method [37,38]. One hundred milliliters of NaHCO3 (pH 8.5) were added to 5.0 g of soil or
GRF and shaken for exactly 30 min, after which the solution was filtered through Whatman filter paper.
Five milliliters of the obtained extract were mixed with 7.5 mL of an ascorbic acid phosphate reagent,
and the solution was subjected to ultrasound to drive out CO2. The phosphate reagent reacted with the
phosphorus in the extract, producing a blue hue, the intensity of which correlated with the P-content
in the extract. A small amount of the extract was transferred to a cuvette, and the concentration of P
was spectrophotometrically measured as the intensity of light absorption at a wavelength of 890 nm.
The pulverized biomass samples were digested in an Anton Paar Multiwave GO microwave
system using concentrated HNO3 as a digestion agent. The samples were subjected to 45 min of
microwave heating to completely dissolve the plant material, and the concentration of 11 elements
was measured on an ICP-MS (inductively coupled plasma-mass spectrometry) system along with two
standards (maple and pine).
For the soil and GRF samples, the concentration of the following elements were measured, i.e., Mg, K,
Ca, and Na, and since the content of these ions in the colloidal fraction was desired, the samples were
not milled prior to the analysis; 5.0 g of the sample was mixed with 20 mL of 1.0 M ammonium acetate
(C2H7NO2), and the solution was placed on a shaking table for two hours. Then, the mixture was filtered
through Whatman paper filters while continuously adding ammonium acetate until 200 mL of extraction
were attained. The extractions were stored in a refrigerator for one week before base cations were measured
by the technique of inductively coupled plasma optical emission spectrometry (ICP-EOS).
2.7. Statistical Analysis
All data were found to comply with the assumption of normality [39], and an ANOVA followed
by a Tukey–Kramer post-hoc test were subsequently applied to test for significant differences between
treatments using the Microsoft Excel add-in Analysis ToolPak. Descriptive statistical measures for the
particle size distributions were calculated by the Microsoft Excel-based program GRADISTAT [40].
3. Results
3.1. Site Characteristics
Some of the primary controlling factors for agricultural productivity and the possibilities for
increasing production are the general climate and the year-to-year variations in, mainly, temperature,
precipitation, and evapotranspiration, i.e., the net water balance. In the present study site, the growing
season is between 1 May and 31 August. The temperature and precipitation data for the growing
Land 2020, 9, 198 6 of 16
season at Narsarsuaq, approximately 25 km in-fjord from Ipiutaq (Figure 2), showed an average air
temperature of 10.8 ◦C and 73 mm of accumulated precipitation.
Figure 2. Daily accumulated precipitation (blue bars) and daily mean air temperature (black line) for
the 2019 growing season measured at Narsarsuaq.
The growing degree days (GDD) is calculated as the sum of degrees above 5 ◦C per day and was
773 for the growing season of 2019, as compared to 418 as the average for 1981–2010. As timothy
grass requires between 400 and 500 GDD to reach maturity, the growing season of 2019 cannot be
considered ideal for growth of timothy grass [41]. A water balance for the growing season 2019
was constructed to establish the environmental conditions under which the experiment took place.
During the growing season, the accumulated precipitation was 73 mm—plus 10 mm added as irrigation.
As evapotranspiration (ET) data for southern Greenland are not available, numbers were based on
literature [28], suggesting a daily ET of 1–3 mm, though with a high variability through the growing
season, as katabatic foehn winds may increase ET up to 16 mm d−1. A conservative estimate of ET
for the 120 days of the growing season in 2019 would be 210 mm, yielding a water balance of minus
137 mm. Given the general rise in air temperature since 1988 and the higher than average temperatures
of the growing season 2019, this value may have been underestimated but still served the purpose
of exemplifying the prevailing moisture conditions during the growing season. However, as water
becomes a limiting factor, plant growth prediction by GDD becomes inadequate [42].
3.2. Background Soil Properties
Grain size distribution showed that the two upper layers (8–14 and 16–22 cm) were similar and
consisted of 41% and 34% particles below 63 µm and a negligible content of particles above 2 mm
(less than 1%). The bottom layer (below 30 cm and below the root zone) was coarse grained with 34%
of the particles > 2 mm and 88% > 0.5 mm. Figure 3 shows the chemical and physical properties for
the soil profile. Elevated concentrations of Mg, K, Ca, and Pavail were seen in the top layer, as well as
further down in the soil profile. The high values in the top were due to the repeated application of
fertilizers and lime. The bulk density in the top three layers varied between 0.75 g cm−3 in the top to
0.6 g cm−3 at 19 cm below the surface and reached 1.2 g cm−3 in the deepest layer. Soil pH was highest
in the top layer at 5.3 due to regular liming, reaching the lowest value at 19 cm below the surface at
4.6, after which a small increase to 4.9 was observed in the bottom layer. As such, the soil was overall
slightly acidic, even under the application of lime every two years. The content of C peaked at 10.1%
in the sample at 19 cm below the surface, while the lowest percentage of C was found in the deepest
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sample with 1.5%. In the top, C content decreased from 7.2% to 4.3% at 11 cm below the surface.
The C/N ratios showed small variation across the profile, ranging from 15.1 at 11 cm to 13.0 at 19 cm
below the surface. The cation exchange capacity (CEC), which was calculated as the sum of Ca, Mg,
K, and Na, was markedly higher in the top layer than in the underlying layers due to the substantial
amount of Ca, which greatly diminished with depth. The CEC in the soil was thus essentially dictated
by the Ca concentration, as the other cations were only present in small concentrations.
Figure 3. Selected chemical and physical properties of the soil profile. Pavail: plant-available P; BD:
bulk density.
Table 1 shows depth-integrated stocks of the measured range of elements in the soil profile.
The stocks in each of the four layers were calculated based on the bulk density, the layer thickness,
and elemental concentrations, yielding the stock of the top 40 cm of soil.
Table 1. Depth-integrated (0–40 cm) nutrient stocks in the experimental field in kg ha−1 except for N
and C, which were measured as t ha−1.
Mg2+ K+ Ca2+ Na+ Pavail N C
258 243 4943 55 285 12.7 172.9
Mg, K and Pavail were present in bulks of almost equal amount of approximately 250 kg ha−1.
The soil contained a stock of almost five tons of Ca per hectare and 55 kg of Na per hectare. N and C
were present in copious amounts of 13 t N and 173 t C ha−1, respectively.
The soil profile was divided into four horizons according to the standard definitions [29]: The top
6 cm Ap horizon was lightly tilled but never plowed and coarser than the two underlying horizons
due to the transport of finer grains by percolating water and erosion (by wind or water) at the
surface. Concentrations of, especially, Ca and Pavail were elevated in the A horizon as compared to the
underlying layers as a result of fertilization and liming. An underlying E horizon was distinctively
lighter colored, slightly leached with a minimum of exchangeable Mg, K, and Ca, as well as lower
amounts of Pavail and C. Further down in the profile, the boundary between the E and the B horizon
exhibited a wavy pattern, and the boundary was more gradual than between the A and E horizons.
The B horizon (~15 cm) exhibited a darker brown color than the above-lying layer, an indicator of its
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elevated C-levels. Furthermore, the B horizon showed elevated concentrations of Mg, K, and Pavail
elements consistent with the E horizon above. The C horizon was distinct from the above-lying
horizons and characterized by a coarser grain size and low C and nutrient levels.
3.3. GRF Characteristics
Laboratory analyses of the glacial rock flour GRF (Table 2) showed that it contains a range of
exchangeable nutrients (except nitrogen), albeit mainly in small concentrations. The concentration of
exchangeable Ca was relatively high (576 mg kg−1), while Pavail, K, Mg, and Na were present in low
concentrations of between 22 and 82 mg kg−1. The material had a surface area of 11.1 m2 g−1, the median
particle size (D50) was 5.5 µm, and soil pH (CaCl2) was nearly neutral at 6.9. A detailed particle size
distribution of the material is presented in Figure S1. The particle size distribution was relatively
narrow, with particles ranging in size from 0.4 to 43 µm (σ = 2.4 µm ± 0.02). Though approximately
15% of the particles (volume-wise) were below 2 µm and thus characterized as clay particles, it is
unlikely that these particles consisted of clay minerals because the glacially abraded bedrock had not
been subject to chemical and physical alterations involved in the formation of clay minerals [43].
Table 2. Properties of glacial rock flour from Tasersuaq. CEC: cation exchange capacity.
Soil pH (CaCl2) 6.9 [±0.1]
D50 [µm] 5.5 [±0.1]
Surface area [m2 g−1] 11.1 [±0.1]
N-total [mg kg−1] N.a.
C-total [mg kg−1] 462 [±57]
Pavail [mg kg−1] 83 [±4]
K-exc. [mg kg−1] 25 [±3]
Mg-exc. [mg kg−1] 64 [±2]
Ca-exc. [mg kg−1] 576 [± 22]
Na-exc. [mg kg−1] 22 [±3]
CEC [cmol+ kg−1] 3.6 [±0.2]
3.4. The Influence of GRF on Soil Properties
The particle size distributions (PSDs) of the fine fraction (< 63 µm) of soil samples from T1 (control)
and T2 (GRF only) showed a mean particle size of 35.1 ± 2.0 µm for T1 compared to 35.5 ± 1.5 µm
for T2, a difference which was non-significant (p < 0.05) according to a t-test that assumed an equal
variance. Distribution sorting (σ) and skewness were also tested and showed a similar response of
non-significance. Only the deeper samples (4–8 cm) were considered since the abundance of GRF in
the T2 top samples would obscure the measurements. In Figure 4, the PSDs of T1 and T2 are plotted
together with the PSD of Tasersuaq GRF. The PSD of T2 was similar to that of T1, having the same
overall shape, with a slight decrease in the peak for T2, as well as an increase in particles smaller than
5 µm of approximately one percentage-point. However, these differences were not significant.
The concentrations of the four main cations, Pavail, and C/N ratios for soil samples from T1 and
T2 are shown in Figure 5. Mg concentrations in the top samples ranged from 181 ± 35 mg kg−1 in
T1 to 165 ± 26 mg kg−1 for T2, diminishing with depth for both the treated and untreated samples,
though differences were minor and non-significant. K showed the same tendency with higher
concentrations in the topsoil and little variation between treatments (155 ± 29 and 150 ± 27 mg kg −1 for
T1 and T2, respectively). Concentration diminished significantly in the deeper part of T1 as compared
to the top, which was not the case for T2. Na showed a lower overall concentration of 25.8 ± 1.7
and 27.4 ± 3.8 mg kg−1 for T1 and T2, respectively, diminishing to 21.3 ± 1.4 and 21.7 ± 2.0 mg kg−1
further down. No significant difference between treatments was observed, but within treatments,
a significant decline was seen. Ca concentrations vastly outweighed the other base cations ranging
between 4882 ± 2150 and 4174 ± 1065 mg kg−1, showing little variation with depth and between
treatments, though the deeper section of T2 showed large standard variations.
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Figure 4. Particle size distribution of glacial rock flour (GRF) primary particles (grey line), T1
(solid black line), and T2 (dashed black line). The distributions were constructed as an average of five
replicates measured five times using a Malvern Mastersizer 2000. No error bars are shown, as the
standard deviations were small and concealed the small difference between T1 (control) and T2.
Figure 5. Concentrations of exchangeable ions and C/N ratio for the soil of T1 and T2 at two depths
(n = 5). Standard deviation is shown with the error bars. Different letters refer to significance variations
(p < 0.05). T1 refers to the control treatment.
Plant-available P concentrations were higher (but non-significant) in both depths for T2 (224 ± 30
and 196 ± 33 mg kg−1) compared to T1 (192 ± 11 and 171 ± 18 mg kg−1). The C/N ratios showed little
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variation with depth and between treatments, ranging from 13.9 (T1 0–4) to 13.1 (T2 0–4), suggesting that
the addition of GRF did not influence the soil carbon to nitrogen ratio.
Variations in soil pH (Table 3) were small and non-significant, with an average soil pH slightly
higher in the untreated plots than the GRF-treated plots ay both depths. The content of carbon (Table 3)
in the soil was likewise not affected by the application of GRF, being slightly higher in the top for the
untreated plots and slightly higher further down for the GRF-treated plots, though with no significant
difference. The CEC showed a similar pattern of elevated values in the top samples for T1 as compared
to T2, while the lower samples showed a higher CEC for T2. Again, however, the differences were
non-significant (Table 3).
Table 3. Soil pH, %C, and CEC for T1 and T2.
T1 0–4 cm T2 0–4 cm T1 4–8 cm T2 4–8 cm
Soil pH (CaCl2) 5.6 ± 0.2 (a) 5.5 ± 0.1 (a) 5.5 ± 0.3 (a) 5.3 ± 0.1 (a)
C [%] 9.7 ± 0.7 (a) 7.8 ± 1.7 (a) 7.6 ± 2.1 (a) 8.1 ± 2.8 (a)
CEC [cmol kg−1] 26.4 ± 1.3 (a) 22.8 ± 2.2 (a) 22.3 ± 6.4 (a) 25.9 ± 12.8 (a)
pH is measured in CaCl2. CEC is calculated as the sum of Ca, Mg, K, and Na.
Depth-integrated nutrient stocks for the top 10 cm of the soil in plots belonging to T1 and
T2 showed marginally higher stocks of Mg, Ca, N, and C while the RF-treated plots of T2 exhibit
slightly elevated levels of K, Na, and Pavail but no significant differences between the RF-treated and
untreated plots.
3.5. Biomass Response to Treatments
The dry-weight AGB and BGB (Figure 6a,b) were scaled to ton per hectare. Treatments 1 and 2
showed little variation between treatments, with an average AGB of 0.93 ± 0.28 and 0.95 ± 0.35 t ha−1,
respectively. The GRF-treated plots of T2 showed a slightly higher average AGB but also higher
within-treatment variation. A marked increase in AGB production was observed for T3. The average
AGB of 2.73 ± 0.60 t ha−1 for T3 was significantly higher than the remaining three treatments. Site T4,
having received the same amount of fertilizer as T3 but double the amount of GRF, revealed a significant
decrease in the AGB of 42% as compared to T3, yielding 1.58 ± 0.64 t AGB ha−1.
No significant response of the BGB was observed from either GRF or any combination of GRF and
fertilizer, partly due to the large within-treatment variance. T3 showed a slightly higher BGB with
a mean of 6.3 ± 1.0 t ha−1, though the increase was insignificant. The lowest BGB was found at T4
with a mean of 5.0 ± 1.1 t ha−1. Comparing BGB to AGB showed that the root biomass, in general,
outweighed the AGB by a factor of 2.5 to 6.
The average C content of the AGB showed small and non-significant variation between treatments,
ranging between 44.8% ± 1.1% in T1 and 43.3% ± 2.6% in T3. AGB C/N ratio also exhibited
non-significant differences between treatments. The C content of the BGB was markedly lower than in
the AGB and also showed no significant responses to the treatments.
The δ15N values in the AGB reflected the proportion of 15N vs. 14N in the plant tissue (Figure 6c).
As seen, T3 and T4 tended to have a lower 15N abundance than T1 and T2, though with only T3 being
significantly different from both T1 and T2. The δ 13C values (Figure 6d) represented the ratio of
13C/12C in the AGB. As such, a more negative δ13C value indicated a higher content of the lighter 12C
isotope [44]. A significant effect was observed between fertilized and non-fertilized plots in that the
13C abundance of T3 and T4 was higher (less negative δ13C values) than for T1 and T2, suggesting that
the application of fertilizer impacted the photosynthetic efficiency [45]. No significant differences in
BGB isotopic composition between treatments was observed (not shown).
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Figure 6. Characteristics of harvested biomass and isotopic composition of C and N in the aboveground
biomass (AGB). (a) AGB, (b) belowground dry biomass (BGB), (c) δ15N values in AGB, and (d) δ13C
values in AGB. The vertical line within each boxplot represents the median value. Different letters refer
to significance variations (p < 0.05). T1 refers to the control treatment.
3.6. Nutrient Composition of Aboveground Biomass
The concentrations of eight nutrient elements in the plant tissue are shown in Figure 7.
The concentrations of Mg, K, Na, and Ca did not exhibit any significant differences between treatments,
though T2 tended to have slightly higher concentrations of all four elements. The concentration of K
exceeded the other elements with an average of 11429 ± 1189 mg kg−1 (equivalent to 1.1% dry weight).
A significant response was seen for Pl concentrations between T2 (1868 ± 206 mg kg−1) and T3
(1268 ± 153 mg kg−1), whereas the other treatments were non-significantly different. Al concentrations
showed a marked and significant increase for the non-fertilized plots with concentrations of
approximately 110 mg kg−1, as compared to approximately 35 mg kg−1 for T3 and T4. For Mn,
the pattern of increased concentrations in the non-fertilized plots was continued, with T1 and T2
containing 161 ± 15 and 175 ± 31 mg kg−1, respectively, as compared to approximately 100 mg kg−1
for T3 and T4. Zn also exhibited some variation between treatments, with T1 (38 ± 6 mg kg−1) being
significantly higher than T3 (25 ± 5 mg kg−1) and T4 (25 ± 6 mg kg−1).
The total stock of the measured elements in the standing biomass for each treatment (not shown)
revealed a significantly higher level in T3 for the majority of the elements (Mg, K, Ca, Na, P, C, and N)
coinciding with the significantly higher biomass. No significant differences between treatments were
seen for Al. For Mn and Zn, T3 was significantly higher than T2 and T4, but T1 was not.
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Figure 7. ICP-MS (inductively coupled plasma-mass spectrometry) measurements of the concentration
of eight elements in the AGB. Different letters refer to significance variations (p < 0.05). Error bars
denote the standard deviation. T1 refers to the control treatment.
4. Discussion, Implications and Conclusions
This study quantified the short-term effect of adding locally sourced glacial rock flour to an
agricultural field of timothy grass in South Greenland with and without 25% normal NPK fertilizer.
The assessment included soil properties, biomass yields, and plant nutrient uptake. The experiment
showed that GRF-application had no significant impact on the biomass production. This is consistent
with pot trial experiments with ryegrass [15]. Little effect was found on above and below ground
biomass using glacial rock flour from Greenland, even though the applied amount of GRF was 5% of
the soil weight (corresponding to an application rate of 30 t GRF ha−1). However, the study showed
that under nutrient deficiency (P, K, Mg, and S), the addition of GRF could increase the aboveground
biomass, particularly at a low K availability. In our experiment, K was added (as part of the NPK
fertilization). Therefore, we cannot make a direct comparison with [15], particularly because the K
level in agricultural soil in South Greenland is typically high due to conventional fertilization.
A low dose of GRF (20 t ha−1) in combination with 25% conventional NPK fertilizer markedly
increased the aboveground biomass production, whereas 40 t GRF ha−1 with the same amount of NPK
resulted in a decrease in yield, indicating that the applying GRF may also have negative effects on
plant growth and the resulting biomass. The GRF treatment showed no significant increase in plant
availability of nutrients or pH in the soil compared to the control treatment. Furthermore, the particle
size distributions of the control treatment and GRF-treated plots showed that GRF particles had not
infiltrated down in the soil.
The nutrient uptake by the plants was not affected by the GRF application. The fertilized plots
showed higher gross nutrient uptake due to the higher yields observed here, but the plant tissue
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concentrations were lower because of the limited supply of nutrients being diluted in a larger amount
of biomass. From the analysis of the nutrient composition of the AGB, we conclude that plants from
all treatments were limited by N, P, and Mg, while the concentrations of Mn and Al were too high,
approaching levels of toxicity.
The application of GRF as a soil amendment seems to implicate a trade-off between the immediate
release of exchangeable nutrients bound to negatively charged sites on mineral particles and the
long-term weathering of GRF minerals to supply macro- and micronutrients. There seems to be greater
potential for the latter since the concentration of immediate plant-available nutrients in the GRF is
negligible and would imply continuous application. The notion of applying a vast amount of GRF
as a ‘reservoir’ of slowly releasing nutrients seems appealing, though there are clear disadvantages
to this, especially in a sub-arctic context where the environment is not very suitable for weathering;
hence, the nutrient supply would be even slower than in the tropics [9,21]. Thus, there is a need
for long term experiments, since most experiments are investigating effects happening in the first or
second growing season after application. Contrarily, the authors of [6] showed that five years after the
application of 3 tons volcanic rock flour (RF) per hectare in a field experiment in Brazil, the soil had
significantly higher concentrations of Ca, Mg, P, and K, and soil pH was raised 1.3 units compared to
before the experiment began, stressing the long term effect. Again, however, this effect is unlikely in
the cooler and drier climate of south Greenland.
It is likely that a higher amount of rainfall during the growing season would have impacted
the results, since a negative water balance was observed. However, drought was not the primary
limitation to plant growth because a marked increase in biomass production was noted after NPK
fertilization. Both rates of rock flour application were very high and would therefore probably exceed
the capacity for most Greenlandic farmers, as it would be very laborious and expensive to have the
material transported to the farm and distributed in the field even if a source was available nearby.
An important aspect to consider regarding the applicability of GRF in an agricultural context is
matching the specific GRF to the needs of the specific soil. Some studies have argued for the advantages
of mechanical activation of GRF to improve the solubility of the mineral-bound nutrients. The authors
of [46] showed that milling concentrated K-feldspar using a ball mill for as little as 10 min drastically
decreased particle size and increased SSA, which in turn greatly increased the amount of K extracted
(by HNO3, nonetheless). Similarly, the authors of [47] found that milling gneiss powder for 1 h resulted
in a K-release comparable to that of conventional fertilizers. The comparability between these two
experiments and the one presented in this article is, however, low since the attained D50 and SSA are in
the range of Tasersuaq GRF, i.e., milling would probably not have had an effect in our experiment,
as the particle size was already small and the surface area was high.
Further research into the supplementary effects of RF application is needed to evaluate the merits
for agricultural purposes, namely the effects beyond macro-and micronutrient supply and pH-control,
which most studies, including this one, have focused on. Several studies have highlighted the beneficial
effects on plant and soil health by the addition of Si, which most RFs are rich in, even though Si is not
characterized as an essential plant nutrient [48]. As already stated, the authors of [49] found that adding
dissolved Si greatly improved wheat uptake of P in acidic soils, while the authors of [50] pointed out
that Si fertilization may help some plants cope with drought and salinity stress. In addition, it has
been pointed out that many studies have found that increased Si uptake enhances plants’ resistance to
various diseases and pests [51]. However, these effects are, of course, dependent on the solubility of Si
in the applied material, as, e.g., quartz (SiO2) is highly resistant to weathering and may therefore not
supply any Si to the soil solution in an appreciable timeframe.
In conclusion, the results obtained in our experiment indicate that the glacial rock flour from
Tasersuaq is not a viable agricultural supplement in the first year of application, at least not if applied
as a top-dressing in a field of perennial timothy grass.
Supplementary Materials: A supplementary file (Figures S1–S8, and Tables S1–S4) is available online at
http://www.mdpi.com/2073-445X/9/6/198/s1: Supporting information on methodology and materials.
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